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ABSTRACT 
 
The charging process is one of the critical processes in the hydro-pneumatic driveline 
storage system. It converts the kinetic energy of the vehicle braking and coasting to the 
compression energy. This energy is stored in the storage device called the accumulator. 
The system is planned to be used on the dual hydro-pneumatic hybrid driveline and 
applied to a hydraulic hybrid passenger car. The aim of this paper is to find the effect of 
charging parameters on the storage performance through simulation. Through the 
storage behavior, the desirable and optimal sizing of the accumulator can be selected.  
The paper emphasized on the effect of pressure elevation, pre-charge pressure, effective 
volume, thermal reaction and required time of the accumulator's charging process. The 
circuit of charging process has been designed and simulated by using the hydraulic tool 
in the Automation Studio software. The simulation results were corroborated through 
the component specification for data rationality. Through the simulation, it was found 
that pre-charge pressure had a significant effect on the charging process. It determined 
the efficiency of the effective volume. The higher the pressure elevation, the higher the 
effective volume. Nevertheless, the more energy required to compress the nitrogen gas 
in the bladder. Besides, in term of volume displacement, higher volume displacement 
reduced charging time and lower the fluid temperature. The simulation had been 
positively highlighted the critical point in charging process which later on, benefited the 
sizing process in the component selection specification. 
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INTRODUCTION 
 
Lately, hybrid technology has become so popular in the field of automotive due 
to a factor of energy-saving, environmentally friendly and also more efficient compared 
to conventional vehicles [1]. In the field of automotive, hybrid means the vehicle has 
more than one propulsion system to move the vehicle. Among the well-received hybrid 
technology is hybrid electric, hybrid flywheel, hydraulic and pneumatic hybrid. 
However, hybrid electric is more dominant as it has been in the commercial phase. 
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heat absorption resistance to pressure changes. Air do not have endurance in such a 
way, and it can cause an explosion risk greater than nitrogen. The pressure gauge is 
used as an indicator of the level of pressure in the accumulator. Last but not least safety 
block, it acts as a pressure relief valve to protect the accumulator from the over-
pressure. With the availability of this component, charging operation is safer and more 
reliable. Storage system carries out two main activities called charging and discharging 
process [13]. The charging process involves compression by hydraulic oil to nitrogen 
bladder. This process is where the creation of compression energy which was then 
referred to as potential energy. Along the compression process, temperature changes are 
imperative for review. However, in comparison with pneumatic compression, hydro-
pneumatic compression produces temperature lower because of hydraulic oil is 
incompressible and also, act as absorbers of heat generated by nitrogen compression. It 
can be said that the system is like built-in with a heat exchanger [14].  
Lammert et al. (2014) conducted lab scale experiment to parcel delivery truck. 
The truck used an 83.3 L accumulator that operate at 241 to 276 bar. He found that the 
configuration was able to increase 19% to 52% of fuel consumption in the diesel engine 
while 30% to 56% saving in the gasoline engine [15]. Kepner (2002) had been using the 
bladder gas accumulator 54.5 L, operate at 172 to 345 bar at 5.4 L V8 sports utility 
vehicle. He found that the arrangement was likewise able to cut the emission that will 
affect pollution [16]. Boretti & Zanforlin (2014) take his first step to simulating the 
hybrid system in passenger car application. The high-pressure accumulator operates 
between 135 to 485 bars and the low-pressure tank 3.5 to 13.5 bars. The accumulators 
have the low specific energy (1.8-4 Wh/Kg) but a wide range of specific power (7-4,000 
W/kg). He found that the system was able to achieve 30% better fuel economy [8]. The 
study has contributed significantly to the research for developing hydro-pneumatic 
hybrid driveline, but none of the studies related specifically to the subsystem. 
References also do not state clearly why the related pressure was used, is the storage 
capacity sufficient, and is the accumulator which is designed for industry use is suitable 
to be used for automotive applications. 
To answer the above statement, as a first step, Automation Studio software has 
been used to simulate the effect of fluid power parameters on the performance of 
charging process. Automation Studio is a tool for design, functional simulation of 
complex automation, documentation, and training. The software includes hydraulic, 
pneumatic and electrical operative devices as well as a command part diagram. It also 
provides technical and commercial data for simulation. Undoubtedly that software such 
as Matlab has high flexibility to run a simulation that is related to the case study, but the 
Automation Studio has the advantage in terms of circuit design, functional simulation, 
fluid power component sizing, system design, validation and virtual simulation [17]. 
These advantages had resulted in Automation Studio more suited for this project. 
Currently, Automation Studio has improved one step ahead by connecting some 
applications with Simulink, Matlab [18]. It is hoped that more efforts will be made to 
improve the scope of the software application. 
At the moment, many types of research focus on the simulation of the fuel 
consumption in the hybrid scenario for the passenger car [19][20][8][21]. Nonetheless, a 
few only carrying out the detailed research related to the subsystem itself. Therefore, 
this research emphasizes on the effects of fluid power parameters to the performance of 
charging process on the hydro-pneumatic driveline. By knowing the effects of each 
parameter, perhaps, the process of selecting the right storage size and capacity can be 
conducted with more accurate. The accuracy is important because it ensures that the 
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The output is expected to present the effects of pressure elevation, pre-charge pressure 
and volume displacement to the storage performance which is effective volume, 
charging time and temperature. 
  
SIMULATION 
 
Simulation is done by using Automation Studio 6.1 software. Simulation is based on a 
Graphical User Interface (GUI) which is integrated with the code and equation. The 
equation is flexible which can be programmed by changes in formulation. All 
specifications for components, fitting, and measurement tool can be inserted into the 
provided dialogue box. Since the storage study involves bulk modulus and heat transfer, 
so the two functions were enabled. Bulk modulus effect occurs because the process of 
nitrogen compression in the bladder. By enabling the bulk modulus setting, the 
simulation considers the effects of compression in charging and discharging process 
also air percentage in each oil used. The thermal setting takes into account the fluid 
heating in contact with the pipe component inner surface. This simulation assumed that 
the heat transformation is isothermal where the fluid temperature remains constant. The 
heat exchange between gas and atmosphere is instantaneous. Pressure elevation is set as 
independent variable, temperature, effective volume and charging time as dependence 
variable. As for pre-charge pressure and volume displacement, the parameters are set as 
a control variable. For this project, the specifications used are as Table 1. 
 
Table 1. Simulation parameters 
Motor rotational speed 2000 RPM Initial liquid volume 0 liter 
Pump thermal efficiency 90% Accumulator internal diameter 225 mm 
Pump heat transfer 
coefficient 
10 W/m2K Type of process Isothermal 
Hydraulic oil Hydraulic 
AW-32 
Gas type Nitrogen 
Ambient temperature 25°C Gas temperature 25°C 
Cracking pressure 400 bar Hydraulic line  Steel 
Port 1 (Cv) 12 Line type NPS ¼-DN8 
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condition less-refuse between both medium and results in fluctuation. This value forms 
the small bump at the beginning of the graph. With 10 bar pre-charge, the average 
effective volume efficiency about 96%. When the pre-charge was increased to 30 bar, 
the efficiency was reduced to 89% and at 50 bar pre-charge, the efficiency reduced to 
86%.  
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(a)                                                                            (b) 
Figure 6. Effects of effective volume (liter) with regards to pressure change for Vd= 10 
cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at pre-charge pressure of 10 bar 
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(a)                                                                            (b) 
Figure 7. Effects of effective volume (liter) with regards to pressure change for Vd= 10 
cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at pre-charge pressure of 30 bar 
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Figure 8. Effects of effective volume (liter) with regards to pressure change for Vd= 10 
cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at pre-charge pressure of 50 bar 
 
Temperature effect 
 
The effects of pressure elevation, pre-charge pressure and volume displacement on 
temperature elevation were shown in Figure 9, Figure 10 and Figure 11. Overall, the 
temperature of volume displacement 50 cm
3
/rev is lower compared to volume 
displacement 10 cm
3
/rev for all pre-charge pressure 10, 30 and 50 bar. The lowest 
temperature is at negative (-ve) pressure different which means lower than pre-charge 
value and before compression happened. The supreme temperature for all case is 55
o
C 
at pre-charge 10, 30 and 50 bar, volume displacement 10 cm
3
/rev and capacity 50 liters. 
It was about 30
o
C different from the ambient temperature. The statement that the 
compression process causes the rise in temperature can be proved here. Before pre-
charge pressure, the temperature is at ambient and unchanged. However, when the 
pressure increased exceeded the pre-charge value, this is the start of the rise in 
temperature. Thus, the assertion that the compression process leads to the gas 
temperature to rise up is correct and proven [24]. However, there is one situation where 
the occurrence of a sudden spike of temperature happened. It was at the volume 
displacement 50 cm
3
/rev, pre-charge 10 bar and 10 liters capacity. Significant elevation 
occurred at 300 bar to 400 bar. The rise happened because of the occurrence of over-
compression on the bladder. Since the bladder is usually made of elastomer, thus, it is 
elastic. However, it has a certain limit of elasticity which if the pressure exceeds the 
limits then it can damage the bladder or perhaps reduced the service life. No wonder 
some manufacturers limits the pressure difference to keep the bladder from over 
stressed, leading to excessive compression changes and strong gas heating. 
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(a)                                                                            (b) 
Figure 9. Temperature elevation (
o
C) for Vd= 10 cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at 
pre-charge pressure of 10 bar 
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(a)                                                                            (b) 
Figure 10. Temperature elevation (
o
C) for Vd= 10 cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at 
pre-charge pressure of 30 bar 
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(a)                                                                            (b) 
Figure 11. Temperature elevation (
o
C) for Vd= 10 cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at 
pre-charge pressure of 50 bar 
 
Charging time 
 
Figure 12, Figure 13 and Figure 14 have shown the effects of pressure elevation, pre-
charge pressure and volume displacement on charging time. Overall, the volume 
displacement Vd= 50 cm
3
/rev for each 10, 30 and 50 bar pre-charge produces shortest 
charging time compared to Vd= 10 cm
3
/rev. This difference is due to the flow rate 
factor. Pump that has a high displacement volume can fill the storage at a faster rate. 
Therefore, the volume displacement is imperative and needs to be considered during the 
selection of the pump type and capacity while performing the process of sizing. The 
greater the capacity of the storage, it will take longer to be filled. The graph shows the 
existence of negative pressure differences in each level. It happens because the higher 
the value of pre-charge then the higher resistance to the compression. The scenario 
creates a condition less-refuse between both medium and results in fluctuation. This 
value forms the small bump at the beginning of the graph. The graph also shows that the 
charging process takes quite long to compress 0 to 100 bar relative to 100 bar to 400 
bar. This possibility is related to the characteristics of bladder elasticity and also 
12 
 
nitrogen gas properties. The important thing that should be avoided for the charging 
process is the use of an unsuitable pump. If the volume displacement is small but 
storage capacity and pre-charge pressure are high, then the filling process took a very 
long time to complete as shown in Figure 14(a).  
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(a)                                                                            (b) 
Figure 12. Charging time (s) for Vd= 10 cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at pre-
charge pressure of 10 bar 
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(a)                                                                            (b) 
Figure 13. Charging time (s) for Vd= 10 cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at pre-
charge pressure of 30 bar 
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(a)                                                                            (b) 
Figure 14. Charging time (s) for Vd= 10 cm
3
/rev (a) and Vd= 50 cm
3
/rev (b) at pre-
charge pressure of 50 bar 
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CONCLUSIONS 
 
In conclusion, the simulation result has managed to show some of the critical 
parameters which affect the performance of charging process. Effective volume 
relationship has shown that volume displacement does not influence the level of volume 
in accumulator instead pre-charge value do. The increase in pre-charge value gives 
adverse effect to the effective volume. Effect of temperature witnessed that the higher 
the volume displacement, the lower the heat in the system. In most cases, the larger the 
storage capacity, the higher the resulting temperature. However, this effect can be 
reduced by raising the volume displacement. In this context, pre-charge doesn't give 
significant effect to the temperature. The effect of charging time has shown that the 
higher the volume displacement causes the increasing of time required for charging. 
However, the size of the storage capacity has an adverse effect on the charging time. 
One thing to avoid in this process is the combination of low volume displacement, high 
storage capacity, and high pre-charge pressure because it gave severe impact to the 
charging time in pressure elevation around 300 to 400 bar. Charging time increased 
from 7 to 21 times greater than the 10-litre storage, 10  cm
3
/rev displacement, and 50 
bar pre-charge setting. 
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